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REMARKS 

Claims 1-12 are pending herein. Claims 1-12 have been amended for clarification 
purposes only. 

1. The objections to the title, specification, claims and abstract are noted, but deemed 
moot in view of the new title, substitute specification, rewritten claims 1-12 and amended 
abstract filed herewith. 

2. Claims 1-12 were rejected under § 103(a) over Papuchon et al. This rejection is 
respectfully traversed. 

With reference to Figs. 4a and 4b of the present application, for example, pending 
independent claim 1 recites that first and second electrodes 2 and 4, respectively, are 
positioned on a main surface la of a substrate 1 . A first voltage is applied between the first 
and second electrodes to generate and grow a first polarization-inverted portion 10A (shown 
in Fig. 4b) from first electrode 2 toward second electrode 4. The distance between the first 
and second electrodes is changed (for example, from distance LA to distance LB shown in 
Fig. 4a) prior to applying a second voltage therebetween. A second polarization-inverted 
portion 10B is grown in a different area of the substrate from the area that first polarization- 
inverted portion 10A is grown (shown in Fig. 4b). 

One of the benefits of the presently claimed method is that it is possible to employ 
fewer processing steps to grow first and second polarization-inverted portions 10A and 10B, 
respectively, in different areas of substrate 1 . For example, Figs. 4a and 4b show that a single 
set of electrodes can be used to grow first and second polarization-inverted portions 10A and 
10B, respectively, which overlap with one another and are formed at different depths in 
substrate 1 beneath second electrode 4. Furthermore, unlike conventional methods of 
forming polarization-inverted portions in a substrate, Applicants discovered that the degree 
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that the first and second polarization-inverted portions overlap with one another can be 
effectively controlled by appropriately adjusting the distance between the first and second 
electrodes prior to applying the desired voltages therebetween (see specification page 3, 
paragraph [0008]). 

Figs. 4a-4d of Papuchon show that an optical waveguide 1 is first formed in substrate 
3 and then the ferro-electric domains are polarized in the same direction (x) by applying 
voltage V Q between a set of electrodes 7 and 8. A voltage V! (of opposite polarity with 
respect to voltage V G ) is later applied between another pair of electrodes 9 and 10 5 which 
polarizes the ferro-electric domains in direction (x') in regions I, III and V of substrate 3. 

Papuchon discloses that while one set of electrodes (i.e., electrodes 7 and 8) are 
required to orient the ferro-electric domains of substrate 3 in a polarizing direction (x), a 
second set of electrodes (i.e., electrodes 9 and 10) are needed to reverse the initial direction of 
polarization (x) in certain regions of Papuchon' s substrate. Conversely, as explained above, 
pending independent claim 1 recites that first and second voltages are applied between the 
first and second electrodes (i.e., the same pair of electrodes) to create first and second 
polarization-inverted portions in separate areas of the substrate. Accordingly, even if the 
distance (d) between portions of Papuchon's electrodes 9 and 10 could "be varied prior to 
applying the voltage between the first and second electrodes," as asserted in the Office 
Action, there still would be no disclosure or suggestion of creating first and second 
polarization-inverted portions in separate areas of the substrate using only Papuchon's 
electrodes 9 and 10. That is, Papuchon discloses that electrodes 9 and 10 are used to reverse 
the initial direction of polarization, but does not disclose or suggest growing a polarization- 
inverted portion in one area of the substrate and then changing the distance between the same 
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electrodes 9 and 10 and growing another, separate polarization-inverted portion in a separate 
area of the substrate, as claimed. 

In view of all of the foregoing, reconsideration and withdrawal of the §103 rejection 
over Papuchon et al. are respectfully requested. 

If the Examiner believes that contact with Applicants' attorney would be advantageous 
toward the disposition of this case, the Examiner is herein requested to call Applicants' 
attorney at the phone number noted below. 

The Commissioner is hereby authorized to charge any additional fees associated with 
this communication or credit any overpayment to Deposit Account No. 50-1446. 
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Appl'n No.: 09/871,067 M 
A METHOD FOR FORMING A POLARIZATION -INVERTED PORTION 



Background of the Invention 

[0001] 

Field of the Invention: 

This invention relates to a method for forming a polarization-inverted portion 
such as a periodical polarization-inverted structure usable for a second harmonic wave- 
generation (SHG) device utilizing a Quasi-Phase-Matching (QPM) system. 
[0002] 

Related Art Statement: 

As a blue laser-light source usable for an optical pickup, etc., a SHG device 
utilizing a QPM system, having an optical waveguide constructed from a periodical 
polarization-inverted portion in a substrate made of a ferroelectric single crystal such as a 
lithium-niobate single crystal or a lithium tantalate single crystal, is expected. The device 
may be widely used for optical disk memory, medicine, optochemical field, and various 
optical measurement. 

[0003] In order to realize a high conversion efficiency in the SHG device, it is 
required that the above polarization-inverted portion is formed deeply in the ferroelectric 
single crystal substrate. The deeply forming method of the polarization-inverted portion 
is, for example, disclosed in the Kokai publication Kokai Hei 9-218431 (JP A 9-218431). 
In the publication, a conventional voltage applying method is improved, and attempt is 
made to grow a polarization-inverted portion deeply from a main surface of a ferroelectric 
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single crystal substrate by sloping the main surface thereof from the polarization axis 
thereof by 3 degrees. 

[0004] Moreover, in the Kokai publication Kokai Hei 1 1-72809 (JP A 1 1 -72809), a 
main surface of a ferroelectric single crystal substrate is inclined from a polarization axis 
of the ferroelectric single crystal substrate by 3 degrees, and a ctenoid electrode and a 
virgate electrode are formed on the main surface, and several low electric resistance 
portions are formed in between the forefronts of the ctenoid electrode and the virgate 
electrode. Then, when a direct current is applied between the ctenoid electrode and the 
virgate electrode, polarization-inverted portions are formed corresponding to the electrode 
pieces of the ctenoid electrode and the low electric resistance portions. 
[0005] As mentioned above, the forming method of the polarization-inverted portion 
described in the Kokai publication Kokai Hei 11-72809 can certainly form the 
polarization-inverted portions corresponding to the electrode pieces of the ctenoid 
electrode and the low electric resistance portions. However, since a given space is placed 
in between the forefronts of the electrode pieces of the ctenoid electrode and the low 
electric resistance portions and in between the adjacent low electric resistance portions, the 
above polarization-inverted portions have given spaces therebetween. That is, the 
polarization-inverted portions are formed in separation. If a ferroelectric single crystal 
substrate having the above-mentioned periodical polarization-inverted portion is employed 
for a SHG device utilizing a QPM system, a fundamental wave interacts with only the 
forward polarization-inverted portions, that is, the polarization-inverted portions 
corresponding to the electrode pieces of the ctenoid electrode. Therefore, the conversion 
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efficiency for a second harmonic wave may not be enhanced. 

Summary of the Invention 
[0006] It is an object of the present invention to provide a new method for forming a 
polarization-inverted portion deeply from a main surface of a ferroelectric single crystal 
substrate having a single polarized domain. 

[0007] This invention relates to a method for forming a polarization-inverted portion 
comprising the steps of: 

preparing a substrate made of a ferroelectric single crystal, 

fabricating a first electrode and a second electrode on a main surface of the substrate 
in separation, 

applying a first voltage between the first electrode and the second electrode to 
generate and grow a first polarization-inverted portion toward the second electrode from 
the first electrode, 

changing the distance between the first electrode and the second electrode, and 
applying a second voltage between the first electrode and the second electrode to 
generate and grow a second polarization-inverted portion, in a different area from that of 
the first polarization-inverted portion, toward the second electrode from the first electrode. 
[0008] The inventors have conceived that after some polarization-inverted portions 
(first polarization-inverted portions) are formed by a voltage applying method using a first 
electrode and a second electrode, additional polarization-inverted portions (second 
polarization-inverted portions) are formed in the different area by changing the distance of 
between the first electrode and the second electrode. The first polarization-inverted 
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portion and the second polarization-inverted portion have their respective different depth 
for a main surface of a ferroelectric single crystal substrate. Therefore, if the distance 
between the first electrode and the second electrode is adjusted appropriately, the 
overlapping degree of the first polarization-inverted portion and the second polarization- 
inverted portion can be controlled. A conventional forming method of a polarization- 
inverted portion as described in the Kokai publication Kokai Hei 11-72809 can not control 
the overlapping degree of the polarization-inverted portions. 

[0009] Herein, the "voltage applying method" means a method that a first electrode 
and a second electrode are provided on a main surface of a ferroelectric single crystal 
substrate so as to be opposed each other, and a given voltage is applied between the first 
electrode and the second electrode on the condition that the first electrode is positive, 
thereby to grow a polarization-inverted portion along the polarization axis from the first 
electrode. The voltage applying method is explained in the Kokai publications Kokai Hei 
9-218431 and Kokai Hei 11-72809. 

[0010] In a preferred embodiment of the present invention, the first electrode is 
constructed from a ctenoid electrode having plural strip electrode pieces, and the distance 
between the first electrode and the second electrode is changed by adjusting the lengths of 
the electrode pieces after the first polarization-inverted portion is formed. In this case, a 
desired periodical polarization-inverted structure can be formed easily. 
[0011] The distance between the first electrode and the second electrode can be 
increased or decreased. In the case of increasing the distance, it is desired that a part of at 
least one of the first electrode and the second electrode is removed by etching treatment or 
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dicer processing after the first polarization-inverted portion is formed. Or another first 
electrode or another second electrode may be formed, by conventional photolithography 
technique, on the main surface of the ferroelectric single crystal substrate after the above 
first electrode or the above second electrode is removed entirely. 

[0012] Particularly, in light of the number of the processing steps for the ferroelectric 
single crystal substrate, the former distance-increasing method is preferable because it 
requires not so many processing steps. In the case of using the ctenoid electrode as the 
first electrode, the distance between the first electrode and the second electrode can be 
easily increased by shortening the electrode pieces of the ctenoid electrode through 
etching treatment or dicer processing. 

[0013] In the case of forming the second polarization-inverted portion on the 
condition that the distance between the first electrode and the second electrode is 
increased, the electric potential of the first electrode may be set to be almost equal to that 
of the first electrode in the case of forming the first polarization-inverted portion. 
However, in this case, the second polarization-inverted portion is likely to be formed small 
due to the increased distance between the first electrode and the second electrode. 
Therefore, in order to develop the size of the first polarization-inverted portion, the electric 
potential of the first electrode in forming the second polarization-inverted portion is set to 
be larger than that of the first electrode in forming the first polarization-inverted portion. 
[0014] In the case of forming the second polarization-inverted portion on the 
condition that the distance between the first electrode and the second electrode is 
decreased, the electric potential of the first electrode can be also set to be almost equal to 
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that of the first electrode in the case of forming the first polarization-inverted portion. 
However, in this case, the second polarization-inverted portion is likely to be large due to 
the decreased distance between the first electrode and the second electrode. Therefore, in 
order to reduce the size of the second polarization-inverted portion, the electric potential 
of the first electrode in forming the second polarization-inverted portion is set to be 
smaller than that of the first electrode in forming the first polarization-inverted portion. 
[0015] As mentioned above, the size of the first polarization-inverted portion or the 
second polarization-inverted portion can be controlled by adjusting the voltage between 
the first electrode and the second electrode even though the distance between the first 
electrode and the second electrode is changed. 

Brief Description of the Drawings 

For a better understanding of this invention, reference is made to the attached 
drawings, wherein: 

Fig. 1 is a schematic view showing an arrangement of a ferroelectric single 
crystal substrate, a first electrode, a second electrode and a planar electrode in the case of 
forming a first polarization-inverted portion; 

Fig. 2 is a schematic view showing an arrangement of a ferroelectric single 
crystal substrate, a first electrode, a second electrode and a planar electrode in the case of 
forming a second polarization-inverted portion; 

Fig 3a is a plan view showing an arrangement of the first electrode and the 
second electrode in the case of forming the first polarization-inverted portion; 
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Fig 3b is a cross sectional view taken on line IIIb-HIb of the ferroelectric 
single crystal substrate schematically showing the first polarization-inverted portion; 

Fig. 4a is a plan view showing an arrangement of the first electrode and the 
second electrode in the case of forming the second polarization-inverted portion; 

Fig. 4b is a cross sectional view taken on line IVb-IVb of the ferroelectric 
single crystal substrate schematically showing the first polarization-inverted portion and 
the second polarization-inverted portion; 

Fig. 5 is cross sectional view schematically showing the first polarization- 
inverted portion and another second polarization-inverted portion; 

Fig. 6 is a photograph showing a first polarization-inverted portion and a 
second polarization-inverted portion in a ferroelectric single crystal substrate; and 

Fig. 7 is a photograph showing a first polarization-inverted portion and a 
second polarization-inverted portion in a ferroelectric single crystal substrate. 

Detailed Description of the Invention 
[0016] This invention is described in detail hereinafter, with reference to the attached 
drawings. 

Fig. 1 is a perspective view schematically showing an arrangement of the 
ferroelectric single crystal substrate, the first electrode, the second electrode and the planar 
electrode in forming the first polarization-inverted portion, and Fig. 2 is a perspective view 
schematically showing an arrangement of the ferroelectric single crystal substrate, the first 
electrode, the second electrode and the planar electrode in forming the second 
polarization-inverted portion. 
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[0017] A first electrode 2 and a second electrode 4 are provided on a main surface la 
of a substantially rectangular parallelepiped substrate 1 made of a ferroelectric single 
crystal. The first electrode 2 has a strip virgate portion and plural strip electrode pieces 3A 
elongating toward the second electrode 4. A planar electrode 5 is provided on the rear 
main surface lb of the substrate 1 . The ferroelectric single crystal constituting the 
substrate 1 has a polarization axis parallel to a Z-axis, and the substrate 1 is sloped for the 
Z-axis by an angle 0. Then, an electric power supply 6 is provided between the first 
electrode 2 and the second electrode 4, and an electric power supply 7 is provided between 
the first electrode 2 and the planar electrode 5. 

[0018] In this case, the distance between the forefronts of the electrode pieces 3A of 
the first electrode 2 and the second electrode 4 is set to LA as shown in Fig. 3a. When a 
given voltage is applied between the first electrode and the second electrodes from the 
electric power supply 6 and/or 7, polarization-inverted portions are generated and grown 
toward the second electrode 4 from the forefronts of the electrode pieces 3A of the first 
electrode 2. As a result, for example, a first polarization- inverted portion 10A is formed 
under the second electrode 4 as shown in Fig. 3b. 

[0019] Subsequently, as shown in Figs. 2 and 4a, the forefronts of the electrode pieces 
3 A are removed and shortened, and the distance between the forefronts of the electrode 
pieces 3B of the first electrode 2 and the second electrode 4 is set to LB larger than the 
distance LA. When a given voltage is applied between the first electrode 2 and the second 
electrode 4 from the electric power supply 6 and/or 7, polarization-inverted portions are 
generated and grown toward the second electrode 4 from the forefronts of the shortened 
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electrode pieces 3B of the first electrode 2. As a result, for example, a second 
polarization-inverted portion 10B is formed under the second electrode 4 as shown in Fig. 
4b. 

[0020] In this case, if almost the same voltage is given between the first electrode and 
the second electrode in forming the first polarization-inverted portion and the second 
polarization-inverted portion, the size of the second polarization-inverted portion is likely 
to be smaller than that of the first polarization-inverted portion. If a voltage to be applied 
to between the first electrode and the second electrode in forming the second polarization- 
inverted portion is set to be larger than that in forming the first polarization-inverted 
portion, the second polarization-inverted portion may have a size almost equal to or larger 
than that of the first polarization-inverted portion. 

[0021] The given voltage to be applied to between the first electrode and the second 
electrode is normally set to 1.5-5.0 kV. In the case of using a different voltage in forming 
the second polarization-inverted portion, the voltage ratio is preferably set to 1.1 times or 
over. 

[0022] Moreover, the pulse frequency of the voltage to be applied to between the first 
electrode and the second electrode may be changed. In this case, the difference in pulse 
frequencies in forming the first polarization-inverted portion and the second polarization- 
inverted portion is preferably set to 10% or over. 

[0023] Moreover, the distance ratio (LB/LA) is preferably set to 1 .25 or below. 
Thereby, the first polarization-inverted portion and the second polarization-inverted 
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portion are easily combined each other. Then, the distance ratio (LB/LA) is preferably set 
to 1 .05 or over. 

[0024] Then, for example, another first electrode may be fabricated after the first 
electrode 2 may be removed, thereby to set the distance LA to be larger than distance LB. 
In this case, the distance ratio (LA/LB) is preferably set to within 1.05-1.25. 
[0025] In the case that the distance LB is set to be larger than the distance LA using, 
as the first electrode, the ctenoid electrode having the removed electrode pieces as shown 
in Figs. 2 and 4a, the length MA of the electrode pieces 3A of the ctenoid electrode is 
larger than the length MB of the removed electrode pieces 3B of the ctenoid electrode. 
The length ratio (MB/MA) is preferably set to 0.7 or over. Thereby, the first polarization- 
inverted portion and the second polarization-inverted portion can be easily combined. 
Moreover, in order to effectively and easily form the second polarization-inverted portion 
in a different position from that of the first polarization-inverted portion, the length ratio 
(MB/MA) is preferably set to 0.9 or over. 

[0026] In the case that the distance LB is set to be smaller than the distance LA, for 
example using the another first ctenoid electrode having the longer electrode pieces as 
mentioned above, the length MA of the electrode pieces 3 A of the ctenoid electrode is 
smaller than the length MB of the removed electrode pieces 3B of the ctenoid electrode. 
The length ratio (MA/MB) is preferably set to within 0.7-0.9. 

[0027] If the above process is repeated, many polarization-inverted portions such as a 
third polarization-inverted portion and a fourth polarization-inverted portion can be made. 
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[0028] In this invention, the substrate 1 may be made of a ferroelectric single crystal 
such as lithium niobate (LiNbC>3), lithium tantalate (LiTa0 3 ), potassium lithium tantalate 
(K 3 Li 2 Nb50i5), lithium niobate-lithium tantalate (LiNbi, x Ta x 0 3 (0<X<1)) or the like. 
Particularly, the substrate 1 may be preferably made of lithium niobate, lithium tantalate or 
lithium niobate-lithium tantalate because they have their well known polarization-inverted 
properties. 

[0029] In order to develop optical damage-resistance of the substrate, the above 
ferroelectric single crystal may incorporate at least one element selected from the group 
consisting of magnesium (Mg), zinc (Zn), scandium (Sc), indium (In) or at least one oxide 
of the respective oxides of the above mentioned metal elements. Moreover, the 
ferroelectric single crystal may incorporate at least one element from a lanthanide series 
such as neodymium (Nd), erbium (Er), thulium (Tm), holmium (Ho), dysprosium (Dy), 
praseodymium (Pr). 

[0030] The substrate 1 may have any shape, but preferably have a planar shape. 
[0031] It is not required that the main surface la of the substrate 1 is inclined for the 
polarization axis thereof, but may be inclined by 0.2-80 degrees, particularly 0.2-45 
degrees. In fabricating a SHG device using QPM system from the substrate, the 
inclination angle 9 is preferably set to within 0.2-10 degrees. As a result, a second 
harmonic wave having a TE mode polarization can travel into the SHG device easily. 
[0032] Moreover, the above given voltage may be applied to between the first 
electrode 2 and second electrode 4 from the electric power supply 6 on condition that the 
second electrode 4 is negative. Moreover, the above given voltage may be applied to 
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between the first electrode 2 and the second electrode 4 on condition that the planar 

electrode 5 is negative. Then, the above given voltage may be applied to between the first 

electrode 2 and the second electrode 4 on condition that the second electrode 4 and the 

planar electrode 5 are negative. 

[0033] 

Examples: 

(Example 1) 

Following the above process as shown in Figs. 1-4, the first polarization- 
inverted portion 1 OA and the second polarization-inverted portion 1 OB were formed. 
Concretely, the substrate 1 was fabricated in a size of 3 inch diameter x 1 .0 mm thickness 
from 5 atomic % Mg doped lithium niobate single crystal. Then, the electrodes 2, 4 and 5 
were fabricated of Ta by a photolithography method. The pitch of the electrode pieces 3 A 
was set to 3 \im for generating a SHG light having a wavelength around 400 nm. The 
length MA of the electrode pieces 3 A was set to 100 (am. The distance LA between the 
electrode pieces 3 A of the first electrode 2 and the second electrode 4 was set to 400 |j.m. 
[0034] A pulsed voltage of 4.0 kV with a pulse width of 20 msec, a frequency of 
25 Hz, a pulse number of 6 and a upper limit current value of 2 mA was applied to 
between the first electrode 2 and the second electrode 4 from the electric power supplies 6 
and 7, to form a periodical polarization-inverted portion having a depth of 1.5 jam along 
the polarization axis of the substrate 1 . 
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[0035] Thereafter, the forefronts of the electrode pieces 3A of the first electrode 2 
were removed by etching treatment to form the removed electrode pieces 3B having a 
length of 75 jam. Next, the second polarization-inverted portion was formed as above. 
[0036] The substrate 1 was cut off on a surface perpendicular to the polarizing 
direction of the substrate 1 (Z-direction) and was polished. The section of the substrate 1 
was etched by a mixed solution of hydrofluoric acid and nitric acid, and was photographed 
as shown in Fig. 6. As is apparent from Fig. 6, the periodical polarization-inverted portion 
has a rectangular shape of a width of 1.9 \xm and a depth of 2.2 |am. 
[0037] 
(Example 2) 

Except that the length MB of the removed electrode pieces 3B of the first 
electrode 2 was set to 50 jum through etching treatment, the first polarization-inverted 
portion and the second polarization-inverted portion were formedby the same manner as in 
Example 1 . The substrate 1 was cut off, etched and photographed as shown in Fig. 7, as in 
Example 1, in order to investigate the condition of the thus obtained periodical 
polarization-inverted portion. 

As is apparent from Fig. 7, the first polarization-inverted portion and the 
second polarization-inverted portion were formed in separation, the second polarization- 
inverted portion was formed in a deeper area in the substrate 1 . 

[0038] Although the present invention was described in detail with reference to the 
above examples, this invention is not limited to the above disclosure and every kind of 
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variation and modification may be made without departing from the scope of the present 
invention. 

[0039] As mentioned above, a new method for forming a polarization-inverted portion 
deeply from a main surface of a ferroelectric single crystal substrate having a single 
polarized domain can be provided. 
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A METHOD FOR FORMING A POLARIZATION IN VERSED IN VERTED PORTION 

Background of the Invention 

[0001] 

Field of the Invention: 

This invention relates to a method for forming a polarization- invers e d inverted 
portion such as a periodical polarization-in v er s ed inverted structure usable for a second 
harmonic wave-generation (SHG) device utilizing a Quasi-Phase-Matching (QPM) 
system. 
[0002] 

Related Art Statement: 

As a blue laser-light source usable for an optical pickup, etc., a SHG device 
utilizing a QPM system, having an optical waveguide constructed from a periodical 
polarization- inversed inverted portion in a substrate made of a ferroelectric single crystal 
such as a lithium-niobate single crystal or a lithium tantalate single crystal, is expected. 
The device may be widely used for optical disk memory, medicine, optochemical field, 
and various optical measurement. 

[0003] In order to realize a high conversion efficiency in the SHG device, it is 
required that the above polarization- inversed inverted portion is formed deeply in the 
ferroelectric single crystal substrate. The deeply forming method of the polarization- 
inversed inverted portion is, for example, disclosed in the Kokai publication Kokai Hei 9- 
218431 (JP A 9-218431). In the publication, a conventional voltage applying method is 
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improved, and attempt is made to grow a polarization- inv e rs e d inverted portion deeply 
from a main surface of a ferroelectric single crystal substrate by sloping the main surface 
thereof from the polarization axis thereof by 3 degrees. 

[0004] Moreover, in the Kokai publication Kokai Hei 1 1-72809 (JP A 1 1-72809), a 
main surface of a ferroelectric single crystal substrate is inclined from a polarization axis 
of the ferroelectric single crystal substrate by 3 degrees, and a ctenoid electrode and a 
virgate electrode are formed on the main surface, and several low electric resistance 
portions are formed in between the forefronts of the ctenoid electrode and the virgate 
electrode. Then, when a direct current is applied between the ctenoid electrode and the 
virgate electrode, polarization- inv e rs e d inverted portions are formed corresponding to the 
electrode pieces of the ctenoid electrode and the low electric resistance portions. 
[0005] As mentioned above, the forming method of the polarization- inversed inverted 
portion described in the Kokai publication Kokai Hei 11-72809 can certainly form the 
polarization- inve r sed inverted portions corresponding to the electrode pieces of the ctenoid 
electrode and the low electric resistance portions. However, since a given space is placed 
in between the forefronts of the electrode pieces of the ctenoid electrode and the low 
electric resistance portions and in between the adjacent low electric resistance portions, the 
above polarization- inv e rsed inverted portions have given spaces therebetween. That is, the 
polarization- inversed inverted portions are formed in separation. If a ferroelectric single 
crystal substrate having the above-mentioned periodical polarization in versed inverted 
portion is employed for a SHG device utilizing a QPM system, a fundamental wave 
interacts with only the forward polarization- in versed inverted portions, that is, the 
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polarization-in v e r sed inverted portions corresponding to the electrode pieces of the ctenoid 
electrode. Therefore, the conversion efficiency for a second harmonic wave may not be 
enhanced. 

Summary of the Invention 
[0006] It is an object of the present invention to provide a new method for forming a 
polarization- inversed inverted portion deeply from a main surface of a ferroelectric single 
crystal substrate having a single polarized domain. 

[0007] This invention relates to a method for forming a polarization- invers e d inverted 
portion comprising the steps of: 

preparing a substrate made of a ferroelectric single crystal, 

fabricating a first electrode and a second electrode on a main surface of the substrate 
in separation, 

applying a first voltage te-between the first electrode and the second electrode to 
generate and grow a first polarization- inversed inverted portion toward the second 
electrode from the first electrode, 

changing the distance between the first electrode and the second electrode, and 
applying a second voltage te-between the first electrode and the second electrode to 
generate and grow a second polarization inversed inverted portion, in a different area from 
that of the first polarization- in v e rs e d inverted portion, toward the second electrode from 
the first electrode. 

[0008] The inventors have conceived that after some polarization- inversed inverted 
portions (first polarization inversed inverted portions) are formed by a voltage applying 
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method using a first electrode and a second electrode, additional polarization- 
fflversed in verted portions (second polarization-fflversed inverted portions) are formed in 
the different area by changing the distance of between the first electrode and the second 
electrode. The first polarization- inversed inverted portion and the second polarization- 
invers e d inverted portion have their respective different depth for a main surface of a 
ferroelectric single crystal substrate. Therefore, if the distance between the first electrode 
and the second electrode is adjusted appropriately, the overlapping degree of the first 
polarization- inversed inverted portion and the second polarization-inversed inverted portion 
can be controlled. A conventional forming method of a polarization- inversed inverted 
portion as described in the Kokai publication Kokai Hei 11-72809 can not control the 
overlapping degree of the polarization- inversed inverted portions. 

[0009] Herein, the "voltage applying method" means a method that a first electrode 
and a second electrode are provided on a main surface of a ferroelectric single crystal 
substrate so as to be opposed each other, and a given voltage is applied between the first 
electrode and the second electrode on the condition that the first electrode is positive, 
thereby to grow a polarization- inversed inverted portion along the polarization axis from 
the first electrode. The voltage applying method is explained in the Kokai publications 
Kokai Hei 9-218431 and Kokai Hei 11-72809. 

[0010] In a preferred embodiment of the present invention, the first electrode is 
constructed from a ctenoid electrode having plural strip electrode pieces, and the distance 
between the first electrode and the second electrode is changed by adjusting the lengths of 
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the electrode pieces after the first polarization-in v ersed inverted portion is formed . In this 
case, a desired periodical polarization-mversed inverted structure can be formed easily. 
[0011] The distance between the first electrode and the second electrode can be 
increased or decreased. In the case of increasing the distance, it is desired that a part of at 
least one of the first electrode and the second electrode is removed by etching treatment or 
dicer processing after the first polarization- i n v er s ed inverted portion is formed . Or another 
first electrode or another second electrode may be formed, by conventional 
photolithography technique, on the main surface of the ferroelectric single crystal 
substrate after the above first electrode or the above second electrode is removed entirely. 
[0012] Particularly, in light of the number of the processing steps for the ferroelectric 
single crystal substrate, the former distance-increasing method is preferable because it 
requires not so many processing steps. In the case of using the ctenoid electrode as the 
first electrode, the distance between the first electrode and the second electrode can be 
easily increased by shortening the electrode pieces of the ctenoid electrode through 
etching treatment or dicer processing. 

[0013] In the case of forming the second polarization invers e d inverted portion on the 
condition that the distance between the first electrode and the second electrode is 
increased, the electric potential of the first electrode may be set to be almost equal to that 
of the first electrode in the case of forming the first polarization- inversed inverted portion. 
However, in this case, the second polarization- inversed inverted portion is likely to be 
formed small due to the increased distance between the first electrode and the second 
electrode. Therefore, in order to develop the size of the first polarization- inversed inverted 
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portion, the electric potential of the first electrode in forming the second polarization- 
mverse dinverted portion is set to be larger than that of the first electrode in forming the 
first polarization- invers e d inverted portion. 

[0014] In the case of forming the second polarization inversed invert e d portion on the 
condition that the distance between the first electrode and the second electrode is 
decreased, the electric potential of the first electrode can be also set to be almost equal to 
that of the first electrode in the case of forming the first polarization- in v ersed inverted 
portion. However, in this case, the second polarization- inv e rsed inverted portion is likely 
to be large due to the decreased distance between the first electrode and the second 
electrode. Therefore, in order to reduce the size of the second polarization- 
inverse dinverted portion, the electric potential of the first electrode in forming the second 
polarization- inversed inverted portion is set to be smaller than that of the first electrode in 
forming the first polarization inversed inverted portion. 

[0015] As mentioned above, the size of the first polarization inversed inverted portion 
or the second polarization- invers e d inverted portion can be controlled by adjusting the 
voltage between the first electrode and the second electrode even though the distance 
between the first electrode and the second electrode is changed. 

Brief Description of the Drawings 
For a better understanding of this invention, reference is made to the attached 
drawings, wherein: 
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Fig. 1 is a schematic view showing an arrangement of a ferroelectric single 
crystal substrate, a first electrode, a second electrode and a ptene rplanar electrode in the 
case of forming a first polarization- inv e rs e d inverted portion;? 

Fig. 2 is a schematic view showing an arrangement of a ferroelectric single 
crystal substrate, a first electrode, a second electrode and a plafte fplanar electrode in the 
case of forming a second polarization- inv e rs e d inverted portion;? 

Fig 3a is a plan view showing an arrangement of the first electrode and the 
second electrode in the case of forming the first polarization- inversed inverted portion;? 

Fig 3 b is a cross sectional view taken on line IIIb-HIb of the ferroelectric 
single crystal substrate schematically showing the first polarization i nv e rs e d inverted 
portion;? 

Fig. 4a is a plan view showing an arrangement of the first electrode and the 
second electrode in the case of forming the second polarization inver s ed inverted portion;? 

Fig. 4b is a cross sectional view taken on line IVb-IVb of the ferroelectric 
single crystal substrate schematically showing the first polarization inversed inverted 
portion and the second polarization inv e rsed inverted portion;? 

Fig. 5 is cross sectional view schematically showing the first polarization- 
inversed inverted portion and another second polarization- invers e d inverted portion;? 

Fig. 6 is a photograph showing a first polarization- inversed inverted portion 
and a second polarization- inversed inverted portion in a ferroelectric single crystal 
substrate;? and 
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Fig. 7 is a photograph showing a first polarization- inv e rsed in verted portion 
and a second polarization-inver-sed inverted portion in a ferroelectric single crystal 
substrate. 

Detailed Description of the Invention Preferred Embodiments 
[0016] This invention is described in detail hereinafter, with reference to the attached 
drawings. 

Fig. 1 is a perspective view schematically showing an arrangement of the 
ferroelectric single crystal substrate, the first electrode, the second electrode and the 
pianer planar electrode in forming the first polarization inver s ed inverted portion, and Fig. 
2 is a perspective view schematically showing an arrangement of the ferroelectric single 
crystal substrate, the first electrode, the second electrode and the frtafte rplanar electrode in 
forming the second polarization-inversed inverted portion. 

[0017] A first electrode 2 and a second electrode 4 are provided on a main surface la 
of a substantially rectangular parallelepiped substrate 1 made of a ferroelectric single 
crystal. The first electrode 2 has a strip virgate portion and plural strip electrode pieces 3A 
elongating toward the second electrode 4. A ptane rplanar electrode 5 is provided on the 
rear main surface lb of the substrate 1. The ferroelectric single crystal constituting the 
substrate 1 has a polarization axis parallel to a Z-axis, and the substrate 1 is sloped for the 
Z-axis by an angle 0. Then, an electric power supply 6 is provided between the first 
electrode 2 and the second electrode 4, and an electric power supply 7 is provided between 
the first electrode 2 and the ptener planar electrode 5. 
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[0018] In this case, the distance between the forefronts of the electrode pieces 3A of 
the first electrode 2 and the second electrode 4 is set to LA as shown in Fig. 3a. When a 
given voltage is applied between the first electrode and the second electrodes from the 
electric power supply 6 and/dr 7, polarization- inversed in ve r t e d portions are generated and 
grown toward the second electrode 4 from the forefronts of the electrode pieces 3 A of the 
first electrode 2. As a result, for example, a first polarization- i n v e rsed inverted portion 
10A is formed under the second electrode 4 as shown in Fig. 3b. 

[0019] Subsequently, as shown in Figs. 2 and 4a, the forefronts of the electrode pieces 
3 A are removed and shortened, and the distance between the forefronts of the electrode 
pieces 3B of the first electrode 2 and the second electrode 4 is set to LB larger than the 
distance LA. When a given voltage is applied between the first electrode 2 and the second 
electrode 4 from the electric power supply 6 and/or 67, polarization-i nve rs e d inverted 
portions are generated and grown toward the second electrode 4 from the forefronts of the 
shortened electrode pieces 3B of the first electrode 2. As a result, for example, a second 
polarization- inv e rsed inverted portion 10B is formed under the second electrode 4 as 
shown in Fig. 4b. 

[0020] In this case, if almost the same voltage is given te-between the first electrode 
and the second electrode in forming the first polarization- inver s ed inverted portion and the 
second polarization- inversed inverted portion, the size of the second polarization- 
inversed in verted portion is likely to be smaller than that of the first polarization- 
inversed inverted portion. If a voltage to be applied to between the first electrode and the 
second electrode in forming the second polarization- inversed inverted portion is set to be 
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larger than that in forming the first polarization- inversed inverted portion, the second 
polarization-fflverse dinverted portion may have a size almost equal to or larger than that of 
the first polarization- inv e rsed inverted portion. 

[0021] The given voltage to be applied to between the first electrode and the second 
electrode is normally set to 1.5-5.0 kV. In the case of using a different voltage in forming 
the second polarization- invers e d inverted portion, the voltage ratio is preferably set to 1 . 1 
times or over. 

[0022] Moreover, the pulse frequency of the voltage to be applied to between the first 

electrode and the second electrode may be changed. In this case, the difference in pulse 

frequencies in forming the first polarization inversed inverted portion and the second 

polarization- inverse d inverted portion is preferably set to 10% or over. 

[0023] Moreover, the distance ratio (LB/LA) is preferably set to 1 .25 or below. 

Thereby, the first polarization-inversed inverted portion and the second polarization- 

in versed inverted portion are easily combined each other. Then, the distance ratio (LB/LA) 

is preferably set to 1.05 or over. 

[0024] Then, for example, another first electrode may be fabricated after the first 
electrode 2 may be removed, thereby to set the distance LA to be larger than distance LB. 
In this case, the distance ratio (LA/LB) is preferably set to within 1 .05-1 .25. 
[0025] In the case that the distance LB is set to be larger than the distance LA using, 
as the first electrode, the ctenoid electrode having the removed electrode pieces as shown 
in Figs. 2 and 4a, the length MA of the electrode pieces 3A of the ctenoid electrode is 
larger than the length MB of the removed electrode pieces 3B of the ctenoid electrode. 
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The length ratio (MB/MA) is preferably set to 0.7 or over. Thereby, the first polarization- 
inverse dinverted portion and the second polarization-fflverse dinverted portion can be 
easily combined. Moreover, in order to effectively and easily form the second 
polarization- inv ers ed inverted portion in a different position from that of the first 
polarization- inversed inverted portion, the length ratio (MB/MA) is preferably set to 0.9 or 
over. 

[0026] In the case that the distance LB is set to be smaller than the distance LA, for 
example using the another first ctenoid electrode having the longer electrode pieces as 
mentioned above, the length MA of the electrode pieces 3A of the ctenoid electrode is 
smaller than the length MB of the removed electrode pieces 3B of the ctenoid electrode. 
The length ratio (MA/MB) is preferably set to within 0.7-0.9. 

[0027] If the above process is repeated, many polarization- i n ver sed inverted portions 
such as a third polarization- inversed inverted portion and a fourth polarization- 
in versed inverted portion can be made. 

[0028] In this invention, the substrate 1 may be made of a ferroelectric single crystal 
such as lithium niobate (LiNb0 3 ), lithium tantalate (LiTa0 3 ), potassium lithium tantalate 
(K 3 Li2Nb 5 Oi 5 ), lithium niobate-lithium tantalate (LiNbi_ x Ta x 0 3 (0<X<1)) or the like. 
Particularly, the substrate 1 may be preferably made of lithium niobate, lithium tantalate or 
lithium niobate-lithium tantalate because they have their well known polarization- 
inversed inverted properties. 

[0029] In order to develop optical damage-resistance of the substrate, the above 
ferroelectric single crystal may incorporate at least one element selected from the group 
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consisting of magnesium (Mg), zinc (Zn), scandium (Sc), indium (In) or at least one oxide 
of the respective oxides of the above mentioned metal elements. Moreover, the 
ferroelectric single crystal may incorporate at least one element from a lanthanide series 
such as neodymium (Nd), erbium (Er), thulium (Tm), holmium (Ho), dysprosium (Dy), 
praseodymium (Pr). 

[0030] The substrate 1 may have any shape, but preferably have a ftJane rplanar shape. 
[0031] It is not required that the main surface la of the substrate 1 is inclined for the 
polarization axis thereof, but may be inclined by 0.2-80 degrees, particularly 0.2-45 
degrees. In fabricating a SHG device using QPM system from the substrate, the 
inclination angle G is preferably set to within 0.2-10 degrees. As a result, a second 
harmonic wave having a TE mode polarization can travel into the SHG device easily. 
[0032] Moreover, the above given voltage may be applied to between the first 
electrode 2 and second electrode 4 from the electric power supply 6 on condition that the 
second electrode 4 is negative. Moreover, the above given voltage may be applied to 
between the first electrode 2 and the second electrode 4 on condition that the ptaner planar 
electrode 5 is negative. Then, the above given voltage may be applied to between the first 
electrode 2 and the second electrode 4 on condition that the second electrode 4 and the 
planer planar electrode 5 are negative. 
[0033] 
Examples: 
(Example 1) 
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in versed inverted portion has a rectangular shape of a width of 1 .9 ^m and a depth of 
2.2 jam. 
[0037] 
(Example 2) 

Except that the length MB of the removed electrode pieces 3B of the first 
electrode 2 was set to 50 \xm through etching treatment, the first polarization- 
inversed i nverted portion and the second polarization- i n ve rsed i n ve rted portion were 
formedby the same manner as in Example 1 . The substrate 1 was cut off, etched and 
photographed as shown in Fig. 7, as in Example 1, in order to investigate the condition of 
the thus obtained periodical polarization-invers e d inverted portion. 

As is apparent from Fig. 7, the first polarization- inv e rs e d inverted portion and 
the second polarization- inversed invert ed portion were formed in separation, the second 
polarization- inv e rs e d inverted portion was formed in a deeper area in the substrate 1 . 
[0038] Although the present invention was described in detail with reference to the 
above examples, this invention is not limited to the above disclosure and every kind of 
variation and modification may be made without departing from the scope of the present 
invention. 

[0039] As mentioned above, a new method for forming a polarization- 
inv e r s ed inverted portion deeply from a main surface of a ferroelectric single crystal 
substrate having a single polarized domain can be provided. 
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